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Increased lymphocyte subpopulations and
macrophages in the ovaries and oviducts of laying
hens infected with Salmonella enterica serovar
Enteritidis

G. S. K. Withanagel*, K. Sasai', T. Fukata', T. Miyamotol, H. S. Lillehoj2
and E. Baba'

! Department of Veterinary Internal Medicine, College of Agriculture, Osaka Prefecture University, Sakai,
Osaka, 599-8531, Japan; 2Infzmunology and Disease Resistance Laboratory, Livestock and Poultry Science,
Institute, US Department of Agriculture, Beltsville, M D, 20705, USA

Salmonella enterica serovar Enteritidis (SE) is a causative agent for human food poisoning cases throughout the
world. The ovaries and the oviducts of the laying hens are the major sites of SE colonization from which vertical
transmission to eggs occurs. In this study, Salmonella-induced changes in T lymphocytes, B lymphocytes and
macrophages in the ovaries and oviducts were assessed after primary and secondary experimental inoculations
of laying hen with SE. Statistically significant increases in the numbers of T cells (both CD4" and CD8*) and
macrophages were observed 7 to 14 days after primary inoculation, followed by a peak in B-cell numbers from
the 14th day post-primary inoculation onwards in the secretory areas of the oviducts. The peak in lymphocyte
numbers immediately preceded a decline in the rate of SE recovery from the reproductive tract beginning at day
14. The correlation of decreased Salmonella recovery with elevated lymphocyte and macrophage numbers
strongly suggests that local cell-mediated immunity is involved in controlling SE injection in the ovaries and
oviducts.

Introduction Another source of egg contamination of SE can
be from the reproductive tissues such as ovaries and
oviducts. SE organisms have been found from the
reproductive tissues of infected hens that had no

caecal colonization (Lister, 1988). Once the infec-

The incidence of Salmonella enterica serovar En-
teritidis (SE) isolation associated with food poison-
ing has dramatically increased in many countries.
Chickens appear to be the major reservoir of this

organism, with eggs and poultry products being the
most important sources of salmonellosis (Coyle et
al., 1988). Contamination of eggshells with SE
occurs as a result of intestinal infection, and there
has been a correlation between faecal positivity and
eggshell contamination (Gast & Beard, 1990). SE
has been isolated from the contents of clean, intact
eggs produced by both naturally and experimen-
tally infected laying hens (Humpbhrey et al., 1989a;
Timoney et al., 1989; Gast & Beard, 1990).

tion is established in laying hens in the reproductive
organs, Salmonella persists for a long time with
intermittent shedding (Lister, 1988; Humphrey et
al., 1989b).

On the other hand, virgin hens experimentally
infected with SE via infected semen had contami-
nated oviducts, but not ovaries, and laid eggs with
contaminated contents (Reiber & Conner, 1995;
Reiber et al., 1995). SE organisms were demon-
strated on the mucosal surface of the oviduct and
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this study suggested a possibility of ascending
infection from cloaca rather than hematogeneous
infection (Hoop & Pospichil, 1993). The more
frequent isolation of SE from the oviducts com-
pared with the ovaries agrees with the isolation of
SE more frequently from the egg white than the egg
yolk of naturally infected hens (Humphrey et al.,
1991; Hoop & Pospichil, 1993). The distribution
patterns of SE in oviducts and the more frequent
isolation of SE from the albumen than the yolk
suggest that some eggs become infected in the
peritoneum or oviducts prior to the production of
shell (Timoney et al., 1989; Shivaprasad, et al.,
1990).

Previous reports suggest that the reproductive
organs of laying hens are important sites for SE
colonization and for egg contamination. In order
to develop a strategy to reduce SE contamination
of the intact eggs, understanding the local immune
responses in the reproductive organs in chickens is
important. The nature host protective mechanisms
involved against Salmonella is still not understood.
Protection from SE by humoral defense mechanism
alone seems unlikely because SE is an intracellular
bacterium. For many intracellular organisms in-
cluding Salmonella, cell-mediated immunity plays a
major role (George et al., 1987; Hsu, 1989). The
acquired resistance to the infection with intracel-
lular bacteria such as Salmonella is mediated by
various cytokines, which are secreted by activated
CD4* T lymphocytes (Kaufmann, 1993). Unlike
the virgin hens, oviducts of the hens previously
mated were free of SE after infection with con-
taminated semen (Reiber & Conner, 1995; Reiber et
al., 1995) indicating a possible protective local
immunity induced by the infected semen. Further-
more, it is possible that the mating will induce a
non-antigen-specific immune mechanism in the
oviduct against pathogens. The composition of
various lymphoid tissues and lymphocytes in the
oviducts of laying hens has been described in detail
(Withanage et al., 1997). In the present study, the
changes of the cell composition in the ovaries and
oviducts have been investigated using immunohis-
tochemical methods following primary and sec-
ondary inoculation with SE.

Materials and Methods

Experimental animals

White Leghorn TX DeKalb 190-day-old laying hens were purchased
from a local farm (Chubu Kakin Sangyo, Gifu, Japan) and kept in wire-
floored cages in an air-conditioned room with artificial illumination. All
hens were acclimatized for at least 2 weeks prior to experimentation,
and provided water and antibiotic-free layer-breeder ration (Nihon-
haigo-shiryo, Aichi, Japan) ad libitum . Caecal swabs and faecal samples
showed that they were free of Salmonella before the start of the
experiments. The experimental procedures and animal management
protocols were undertaken in accordance with the guideline on the Care
and Management of Experimental Animals (Japan).

Bacteria

Salmonella enterica serovar Enteritidis phage type 4, originally isolated
from a faecal sample of a patient with food poisoning, was grown in 10
ml tryptose soy broth (Nissui, Tokyo, Japan) at 37°C for 18 h. The
cultured broth was diluted in sterile physiological saline in order to
prepare the inoculum containing 6 x 107 colony forming units (CFU)
SE/ml immediately before inoculation.

Experimental design

Thirty-five hens were used in the experiment (five per group, seven
groups total) and 10 hens were kept as controls (five per group, two
groups total). On day 0, all experimental hens were inoculated
intravenously with 1 ml inoculum containing 6 x 10’ CFU SE in
physiological saline, whereas control groups were inoculated with
physiological saline. The SE dose and the route of inoculation have
been determined to give optimum infection of ovaries and oviducts with
minimum physiological side effects (unpublished data). Five hens from
the experimental groups 1 to 3 were euthanized by injecting 200 mg/bird
sodium pentobarbital solution (Nembutal™; Abbott Laboratories,
North Chicago, Illinois, USA) intravenously, at 7, 14, and 21 days
post-primary inoculation (p.p.i.). Samples from the spleen, ovary, and
upper (infundibulum and magnum) and lower (uterus and vagina) parts
of the oviducts were collected aseptically for bacterial culture. Tissue
samples for immunohistochemistry were snap-fozen in dry ice-cold
acetone and stored at — 80°C until use. On day 21 after the primary
inoculation, the remaining 20 experimental birds were inoculated with
6 x 10’ CFU SE in physiological saline, whereas control hens were
injected with saline only. Similarly, five hens from the experimental
groups 4 to 7 were euthanized and samples were collected on 1, 3, 7, and
14 days post-secondary inoculation (p.s.i.). Daily individual egg
production and clinical signs were recorded throughout the experiment.
Five control birds were euthanized and the samples were collected only
at the start and at the end of the experiment due to the practical
difficulties in having five birds each at every time point. The values of
the cells in control birds were consistent at the start and at the end of the
experiment.

Bacterial culture

Swabs collected aseptically from the homogenized spleen, ovaries, and
upper (infundibulum and magnum) and lower oviducts (uterus and
vagina) were cultured individually in Hajna tetrathionate broth (Eiken,
Tokyo, Japan) at 37°C. After incubation for 24 h, a loop of broth
culture was spread on mannitol lysine crystal violet brilliant green agar
plates (Nissui) and incubated for 24 h at 37°C. Dark colonies with a
diameter of 3 to 5 mm, a convex surface, and a black centre were
presumptively identified as Salmonella and confirmed by slide agglu-
tination using O-9 group-specific antiserum (Denkaseiken, Tokyo,
Japan).

Immunohistochemistry

Three specimens each representing the upper, middle, and lower parts of
the five oviductal regions (infundibulum, magnum, isthmus, uterus, and
vagina) (Baumel, 1979) and the ovary were collected and fixed
immediately in dry ice-acetone for 5 min. Frozen sections were
embedded in TISSUE TEK™ (Miles, Elkhart. Indiana, USA) and
serial 7 pm cross-sections were made by a cryostatic microtome
(BRIGHT 5040; Bright Instruments, Huntington, UK). After drying
in air, embedding medium was removed by dipping slides in 0.1 M
phosphate-buffered saline (PBS) for 15 min at room temperature. The
sections were incubated with 1% skimmed milk for 30 min at room
temperature to minimize non-specific binding before incubation with
specific monoclonal antibodies (mAbs). Mouse mAbs against chicken
CD3, CD4, and CD8 (Southern Biotechnology Associates, Birming-
ham, Alabama, USA) and goat polyclonal antibodies against chicken
immunoglobulin (Ig)A, IgG, and IgM (Bethyl Laboratories, Montgom-
ery, Texas, USA) were used. Mouse mAb K1 was used for detecting
chicken macrophages (Cheung & Lillehoj, 1991). The DAKO LSAB 2
kit™ (Dako Corporation, Carpinteria, California, USA) was used for
detection of T lymphocytes and macrophages, and the specific colour
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reaction was developed with 3,3’-diaminobenzidine in Tris buffer
according to the manufacturer’s recommendations.

Fluorescein isothiocyanate-conjugated rabbit anti-goat IgG antibody
(Sigma, St, Louis, Mussouri, USA) was used as the secondary antibody
to detect B lymphocytes by the immunofluorescent method. All
incubations were made at room temperature for 1 h, and the sections
were thoroughly washed between incubations with 0.1 M PBS. For
positive controls, spleen, jejunum, and cecum sections were used. For
negative controls, 3% borne serum albumin was used instead of primary
antibody. T cells and macrophages were observed and photographed by
light microscopy (Model ITFX-DX; Nikon, Tokyo, Japan). B cells were
visualized and photographed with a fluorescent microscope (model
UFX IIA; Nikon). Cells were counted on at least five separate
photographs taken at 100 x magnification representing an area
equivalent to 0.07 mm?>. The photographs were taken across the whole
width of the tissue to represent all parts of the relevant tissue (i.e.,
epithelium, lamina propria and the muscularis of the oviductal tissues).

Statistical analysis

The mean values of cell numbers for each experimental group were
calculated and compared with the values of the respective control hens
by Student’s - test. Statistically significant differences were considered
at P <0.05. In most of the time points the standard deviation values for
T-cell and macrophage numbers were very small. The numbers of B cells
show considerable variations between birds in the same group. This was
reflected by the higher P values in the Student’s 7-test.

Results
Clinical signs and the egg production

Four hens died within 24 h after the inoculation of
SE. Initially, the hens were depressed and their
water and feed intake were reduced significantly
within the first week after primary and secondary
inoculations. Furthermore, while the egg produc-
tion rate was 0.866 eggs/hen/day (86%) before the
primary inoculation, it declined and gradually
recovered showing the egg production rates of
0.167, 0.201, and 0.382 eggs/hen/day on 7, 14 and
21 days p.p.i., respectively. One day after the
secondary inoculation, the egg production dropped
again to 0.238 and recovered gradually to 0.281,
0.181, and 0.523 egg/hen/day on 3, 7 and 14 days
p.s.i. Some hens laid malformed, thin-shelled eggs
in the early phase of infection. Their physiological
condition such as feed and water intake as well as

egg production improved within 1 week after each
inoculation.

Recovery of SE

The spleen, ovary, upper and lower oviducts from
control hens were free of SE throughout the study.
The Salmonella-specific antibody levels were neg-
ligible in all hens before the start of the experi-
ments, as reported earlier (Withanage et al., 1999).
All samples examined from the infected hens
necropsied at 7 and 14 days p.p.i. and at 1 and 3
days p.s.i. were infected with SE (Table 1). The
recovery of SE from various organs started to
decline from day 14 post primary and secondary
inoculations. This decline correlated with the im-
proved physiological condition of the hens.

Numbers of macrophages, T cells and B cells in the
ovaries and oviducts following SE inoculation

In general, the numbers of T-cell and B-cell
subpopulations observed in the ovaries and ovi-
ducts fluctuated following SE inoculation (Figure
1). The numbers of cells were greater in lower parts
of the oviducts in both infected and uninfected
hens. T cells increased and reached a peak by day 7,
while B cells peaked at 14 days p.p.i. after the initial
decline on the day 7 p.p.i. The peak in T cells was
less distinguishable in the ovaries and in the vagina.
The number of macrophages also declined initially
but recovered to the pre-inoculation levels during
the course of the infection. By day 21, the number
of T-cell subsets returned to normal levels except
for the ovary, infundibulum and vagina. In most
parts of the oviducts examined, the numbers of
both T cells and B cells started to increase
significantly from the day 7 after the secondary
inoculation. Numbers of IgM " cells also increased
rapidly after the secondary inoculation. However,
the levels of the oviductal antibodies against SE did
not correlate with the cellular response (Withanage
et al., 1999). Numerous CD4" and CD8 " T-cell
aggregates of different sizes were observed in the
SE-infected oviducts, mostly in the upper regions.

Table 1. Isolation of SE from the organs of infected laying hens

Number of SE-positive hens/total* on day of necropsy®

Organ

Day 7 p.p.i. Day 14 p.p.i. Day 21 p.p.i. Day 1 p.s.i. Day 3 p.s.i. Day 7 p.s.i. Day 14 p.s.i.
Spleen 515 515 3/5 515 515 5/5 3/5
Ovary 5/5 515 0/5 515 515 4/5 4/5
Upper oviduct® 3/5 4/5 1/5 515 4/5 4/5 2/5
Lower oviduct 515 5/5 515 5/5 5/5 515 2/5

“SE enriched for 24 h in Hajna tetrathionate broth and identified by direct culture on mannitol lysine crystal violet brilliant green agar

plates and slides agglutination.

®The day of necropsy after intravenous inoculation of 6 x 10’ CFU SE.

“Upper oviduct represents the infundibulum and magnum.
dLower oviduct represents the uterus and vagina.
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Figure 1. T cells and B cells and macrophages in the ovary (1), infundibulum (2 ), magnum (3 ), isthmus (4), uterus (5) and vagina (6)

of laying hens following intravenous SE inoculations. 1A: T cells and macrophages. 1B: B cells. Samples were taken 7, 14, 21 days p.p.i.
and 1,3,7, and 14 days p.s.i. of 6 x10° CFU bacteria. T cells and macrophages were detected by the avidin—biotin—peroxidase
immunohistochemical method. B cells were detected by indirect immunofluorescence test. Cells were counted on photographs taken at a
magnification of 100 x (counting area was equivalent to 0.07 mm?). * Significant difference (P <0.05) from the respective control

values.

Macrophages were also occasionally found within
these areas. CD8" and IgA™ cells were mainly
found in the lamina propria just underneath the

epithelial lining. Similar to the T cells, the number
of macrophages were elevated in almost all the
parts of the oviducts examined at 7 day p.p.i. The
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Figure 1 (Continued)
numbers of T cells and macrophages were higher in Discussion

the ovary, infundibulum and vagina after the
secondary infection. In general, a drastic decline
of macrophage numbers was seen just after the
secondary SE inoculation in all oviductal regions
except for the isthmus. The fluctuations of the
numbers of T cells, B cells and macrophages are
summarized in Figure 1.

Compared with the mammalian system, very little
is known about the immune system of chickens.
Although mammalian and avian immune systems
are similar in many respects, distinct differences in
the structure and function exist. For example, the
thymus serves as the primary lymphoid organ for
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T-cell differentiation whereas differentiation of B
cells takes place in the bursa of Fabricius located in
the hindgut Chickens have well-developed second-
ary lymphoid structures such as the spleen, Hard-
erian gland, bone marrow, conjunctiva-associated
lymphoid tissue, gut-associated lymphoid tissue,
bronchial-associated lymphoid tissue, and head-
associated lymphoid tissue (Sharma, 1997).
Although chickens lack functional lymph nodes,
lymphatics with associated lymphoid nodules can
be detected. In addition, many organs such as the
liver, kidney, and pancreas have diffuse lymphoid
cells scattered in the parenchyma (Sharma, 1997).
However, the local immune system and its function
associated with chicken’s reproductive organs have
not been well studied. The ovaries and oviducts are
not different from other organs with respect to the
presence of scattered lymphoid cells and macro-
phages in all anatomical regions (Withanage ef al.,
1997). In the chicken oviducts, T lymphocytes first
appear at 5 weeks of age, their number peaked at 15
weeks in the magnum, isthmus and the uterus and
at 19 weeks in the infundibulum and vagina (Khan
et al., 1996). In chickens as in mammals, cells
mediating different activities can be distinguished
by cell surface antigens such as CD4 for helper T
cells, CD8 for cytotoxic T cells, and CD3 as a
common T-cell antigen (Vainio & Lassila, 1989).
Protection of mice against Salmonella infections
depends on cellular and humoral immune re-
sponses (Collins, 1974). It is well known that T
cells mediate immunity against intracellular bac-
teria by a number of different mechanisms
mediated through different cell types and their
soluble mediators (Mcgruder et al., 1993; Genovese
et al., 2000; Babu et al., 2003). Although Salmo-
nella infection mainly induces cell-mediated im-
munity through the activation of Thl-type
cytokines, Salmonella typhimurium stimulates Th2
cells as well in mice (Vancott et al., 1997). SE
infection induced secretion of all three subclasses
of antibodies not only in serum, but also in the
oviducts (Withanage et al., 1999). However, it is
not clear whether these oviductal antibodies are
directly secreted from the local B cells or diffused
from the serum. Although it is well known that the
ovaries secrete egg yolk containing a large amounts
of IgG, we were unable to demonstrate any IgG-
containing cells, suggesting that the yolk antibodies
are directly diffused from the serum, It has been
suggested that the immunoglobulins in the circulat-
ing blood are secreted into the maturing follicles
and thus into the yolk, and immunoglobulins in the
oviducts are incorporated into egg white with the
secreted albumen as possible routes (Ling et al.,
1998). In mammals, secretory immunoglobulins
may be involved in keeping the reproductive tract
aseptic by blocking bacteria from binding to the
mucosal epithelium, agglutination of bacteria, and
the opsonization of bacteria (Barr & Parr, 1985).

In this study, SE inoculation induced significant
changes in the local cell populations, CD4 " and
CD8" cells peaking at 7 to 14 days after the
primary and 7 days after the secondary SE
inoculation followed by a B-cell peak from the
14th day onwards in the secretory areas of the
oviducts, (i.e., magnum, isthmus and uterus). The
peak in the lymphocyte numbers at 10 to 14 days
p.p. and p.s.i. preceded a decline in the incidence
rate of SE recovery from the reproductive tract,
which began at day 14 p.p.i. day 7 p.s.i., respectively
(Table 1). The recovery of SE decreased more
rapidly p.s.i., especially in the upper oviducts.
Clearance of SE from the spleen and from the
lower oviduct seemed to be slower than that of
ovaries and upper oviducts. That may be attributed
to the large dose and the route of challenge. The
relationship between the lymphocyte numbers and
the bacterial recovery strongly suggests that both
cell types are involved in controlling SE infection in
the ovaries and oviducts. The results of this study
extend the information concerning the role of local
immune responses following SE infection. Elevated
numbers of immune competent cells in the oviduc-
tal mucosa and the presence of SE-specific anti-
bodies in the oviductal lumen (Withanage et al.,
1999) suggest that complex interaction of cells and
their soluble factors are closely involved in host
defence against Salmonella infection. Future stu-
dies to identify the detailed protective immune
mechanisms associated with other components of
inflammatory responses (Oliphant et al., 1977,
1978, 1984; Butcher & Picker, 1996) in the oviduct
will probably lead to the development of logical
control strategy against SE and other mucosal
pathogens.
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RESUME

Augmentation des sous-populations lymphocytaires et des macrophages
dans les ovaires et oviductes de poules pondeuses infectées par Salmonella
enterica serovar Enteritidis

Salmonella enterica serovar Enteritidis (SE) est ’agent causal des cas de
toxi-infection humaine observée dans le monde entier. Les sites majeurs
de la colonisation de SE sont les ovaires et les oviductes des poules
pondeuses a partir desquels se produit la transmission verticale par les
ceufs. Dans cette étude, les changements, induits par Salmonella, au
niveau des lymphocytes T, des lymphocytes B et des macrophages des
ovaires et des oviductes sont évalués apres une premiére et une seconde
inoculations expérimentales des poules pondeuses avec SE. Des
augmentations significatives statistiquement concernant le nombre de
cellules T (CD4+ et CD8+) et des macrophages ont été observés du
75 qu 1 jour apres la premiére inoculation, suivies par un pic du
nombre de cellules B a partir du 14°™ jour aprés la premiére inoculation
au niveau des zones sécrétrices des oviductes. Le pic du nombre de
lymphocytes précede immédiatement un déclin du taux de réisolement
de SE a partir de I'appareil reproducteur a partir du 14°™ jour. La
corrélation entre la diminution des isolements de SE et le nombre élevé
de lymphocytes et de macrophages suggere fortement que I'immunité
cellulaire locale est impliquée dans le contrdle de I'infection a SE des
ovaires et oviductes.

4éme

ZUSAMMENFASSUNG

Anstieg der Lymphozytensubpopulationen und Makrophagen in den
Ovarien und Ovidukten von mit Salmonella enterica Serovar Enteritidis
infizierten Legehennen

Salmonella enterica Serovar Enteritidis (SE) ist eine Ursache fiir die
weltweit vorkommenden Lebensmittelvergiftungen. Die Ovarien und
Ovidukte von Legehennen sind die hauptsédchlichen Vermehrungsorte
von SE, was zu vertikaler Ubertragung auf das Ei fiihrt. In dieser Studie
wurden nach primérer und sekundirer experimenteller Infektion von
Legehennen mit SE Salmonella-induzierte Verdnderungen bei den

T- und B-Lymphozyten sowie Makrophagen in den Eierstécken und
Eileitern untersucht. Statistisch signifikante Zunahmen in der Anzahl
der T-Lymphozyten (CD4+ und CD8+) und der Makrophagen
wurden am 7. und 14. Tag nach der Erstinokultion beobachtet, gefolgt
von einem Peak in der B-Zellzahl in den sekretorischen Bereichen der
Ovidukte ab dem 14. Tag nach der Erstinokulation. Dem Peak in der
Lymphozytenzahl folgte unmittelbar ein Riickgang der SE-Isolierungs-
rate. Die erhohten Lymphozyten- und Makrophagenzahlen machen
deutlich, dass die lokale zellvermittelte Immunitét bei der Kontrolle der
SE-Infektion in den Ovarien und Ovidukten beteiligt ist.

RESUMEN

Incremento de las subpoblaciones de macrofagos y linfocitos en los ovarios
y oviductos de gallinas ponedoras infectadas con Salmonella enterica
Serovar Enteritidis

Salmonella enterica Serovar Enteritidis (SE) es el agente causal de
intoxicaciones alimentarias en la especie humana en todo el mundo. Los
ovarios y los oviductos de las gallinas ponedoras son los principales
puntos de colonizacion con SE desde los cuales tiene lugar la
transmision vertical a los huevos. En este estudio se evaluaron los
cambios inducidos por Salmonella en los linfocitos T, B y macrofagos
en los ovarios y los oviductos tras inoculaciones experimentales
primarias y secundarias con SE en gallinas ponedoras. Se observaron
incrementos estadisticamente significativos de los nimeros de células T
(tanto CD4 como CD8) y macréfagos a los 7 y 14 dias tras la
inoculacion primaria seguido de un pico en el numero de células B del
catorceavo dia tras la inoculacion primaria en adelante, en las areas
secretoras de los oviductos. El pico en el numero de linfocitos precedio
de forma inmediata una disminucion en la proporciéon de SE
recuperadas del tracto reproductor a partir del dia 14. La correlacion
entre la disminucion de la recuperacion de Salmonella y el incremento
del nimero de linfocitos y macrofagos sugiere claramente que la
inmunidad local se encuentra involucrada en el control de la infeccion
por SE en los ovarios y oviductos.



